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ABSTRACT
We investigate the near-infrared K-band properties of the brightest cluster galaxies (BCGs) in a
sample of 93 X–ray galaxy clusters and groups, using data from the Two Micron All Sky Survey. Our
cluster sample spans a factor of 70 in mass, making it sensitive to any cluster mass related trends.
We derive the cumulative radial distribution for the BCGs in the ensemble, and find that 70% of the
BCGs are centered in the cluster to within 5% of the virial radius r200; this quantifies earlier findings
that BCG position coincides with the cluster center as defined by the X–ray emission peak. We study
the correlations between the luminosity of the BCGs (Lb) and the mass and the luminosity of the host
clusters, finding that BCGs in more massive clusters are more luminous than their counterparts in less
massive systems, and that the BCGs become less important in the overall cluster light (L200) as cluster
mass increases. By examining a large sample of optically-selected groups we find that these correlations
hold for galactic systems less massive than our clusters (< 3 × 1013M⊙). From the differences between
luminosity functions in high and low mass clusters, we argue that BCGs grow in luminosity mainly
by merging with other luminous galaxies as the host clusters grow hierarchically; the decreasing BCG
luminosity fraction (Lb/L200) with cluster mass indicates that the rate of luminosity growth in BCGs is
slow compared to the rate at which clusters acquire galaxy light from the field or other merging clusters.
Utilizing the observed correlation between the cluster luminosity and mass and a merger tree model
for cluster formation, we estimate that the amount of intracluster light (ICL) increases with cluster
mass; our calculations suggest that in 1015M⊙ clusters more than 50% of total stellar mass is in ICL,
making the role of ICL very important in the evolution and thermodynamic history of clusters. The
cluster baryon fraction accounting for the ICL is in good agreement with the value derived from Cosmic
Microwave Background observations. The inclusion of ICL reduces the discrepancy between the observed
cluster cold baryon fraction and that found in hydrodynamical simulations. Based on the observed iron
abundance in the intracluster medium, we find that the ICL predicted by our model, together with the
observed galaxy light, match the iron mass-to-light ratio expected from simple stellar population models,
provided the Salpeter initial mass function is adopted. The ICL also makes it easier to produce the “iron
excess” found in the central regions of cool-core clusters.
Subject headings: cosmology: observation – galaxies: clusters: general – galaxies: elliptical and
lenticular, cD – infrared: galaxies
1. introduction
The most luminous cluster galaxies (hereafter referred
to as brightest cluster galaxies, BCGs) are a unique class
of objects. They are ultra-luminous (∼ 10L∗, where L∗
is the characteristic luminosity in the galaxy luminosity
function; e.g. Schombert 1986) and huge in spatial ex-
tent (effective radius ∼ 30 kpc; e.g. Schneider et al. 1983b;
Schombert 1986; Tonry 1987; Gonzalez et al. 2000, 2004).
They tend to lie very close to peaks of the cluster X–ray
emission (Jones & Forman 1984; Beers & Tonry 1986; Rhee
& Latour 1991, also §2), and in velocity space they sit
near the cluster rest frame (e.g. Quintana & Lawrie 1982;
Zabludoff et al. 1990; Oegerle & Hill 2001); the implication
is that BCGs are located at the minimum in the cluster
potential well. Some of the BCGs show multiple nuclei
(e.g. Schneider et al. 1983b; Hoessel & Schneider 1985;
Lauer 1988) and excess populations of globular clusters
compared to normal early type galaxies. (e.g. Harris et al.
1998). Furthermore, correlations between the BCG lumi-
nosity and various host cluster properties have been found
(e.g. Oemler 1976; Schombert 1987; Edge 1991; Brough
et al. 2002). All these properties indicate they may have a
quite unusual formation history compared to other ellipti-
cal galaxies.
There are generally three different models proposed for
BCG formation: (1) Galactic cannibalism– massive galax-
ies gradually sink to the center of a cluster because of
dynamical friction, and the first galaxy arriving at the
center grows in luminosity and mass by merging with late-
comers (e.g. Ostriker & Tremaine 1975; Hausman & Os-
triker 1978). (2) Cooling flow– stars formed out of the cen-
tral cooling flow in clusters (e.g. Cowie & Binney 1977).
(3) Rapid galactic merger during cluster collapse– BCGs
formed from mergers between several galaxies that take
place in groups or low mass clusters (Merritt 1985; Dubin-
ski 1998). In this paper we use observed properties of a
large sample of BCGs to examine their formation history.
Many of the first ranked galaxies have a large, dif-
fuse envelope around them (the “cD” galaxies; e.g. Tonry
1987; Schombert 1988). The facts that cD galaxies are
only found in clusters or local dense structures (Beers &
Geller 1983) and that there exist weak correlations be-
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tween envelope luminosity and some cluster global prop-
erties (Schombert 1988) argue strongly that the formation
of the envelopes must be closely connected to the cluster
environment.
Due to the dynamical processes such as the mean field
tidal stripping (e.g. Merritt 1984) and the cumulative ef-
fects of impulsive encounters between galaxies or cluster
substructures (“galaxy harassment”, Moore et al. 1996),
it is possible that stars may be stripped from galaxies and
orbit in intracluster space (which we refer to as the intr-
acluster stellar population or intracluster light, ICL). The
investigation of diffuse light in intracluster space has a
long history, first based on photographic plates (Zwicky
1951; Welch & Sastry 1971; Oemler 1976; Thuan & Kor-
mendy 1977, only to name a few). Over the past 10 years,
there have been many observational studies of the ICL
made with CCDs; these include studies of tidal features
(e.g. Gregg & West 1998; Trentham & Mobasher 1998;
Calca´neo-Rolda´n et al. 2000), planetary nebulae (e.g. Arn-
aboldi et al. 2002; Feldmeier et al. 2003a), globular clusters
(e.g. Jorda´n et al. 2003), red giant stars (Ferguson et al.
1998; Durrell et al. 2002) and intracluster supernovae (Gal-
Yam et al. 2003). Despite this wealth of data, the amount
of ICL is very hard to estimate; the fraction of total cluster
light that is in ICL ranges from less than 20% to more than
50% (this may partially reflect a dependence of ICL frac-
tion on cluster mass; see discussion in §4). We note that a
complicating factor in estimating the amount of the ICL
is the possible connection between the cD envelope and
the ICL (Uson et al. 1991). Galactic haloes stripped from
their parent galaxies may exist in the intracluster space in
the form of a cD envelope (e.g. Richstone 1976; Malumuth
& Richstone 1984). In this paper we adopt the view that
the cD envelope and the ICL are one and the same, and
thus do not attempt to make a distinction between the two
(see §§2.2 & 4.1 for further discussions).
This paper is the third in a series in which we systemati-
cally study the near-IR (NIR) properties of galaxy clusters.
In Lin et al. (2003, hereafter paper I) we develop basic tools
for studying the correlation between total galaxy Ks-band
luminosity and cluster binding mass (L–M relation). In
Lin et al. (2004, paper II hereafter) we show the tight L–
M relation in a sample of 93 nearby clusters, using the
data from the Two Micron All-Sky Survey (2MASS, Jar-
rett et al. 2000). We find that the total number of galax-
ies brighter than a luminosity cutoff is also well correlated
with the cluster mass (N–M relation), and the slope of the
N–M correlation suggests that more massive clusters have
smaller mean galaxy number per unit mass, compared to
the low mass clusters. The implication is that galaxies are
destroyed or stripped and lose light as the process of hier-
archical structure formation proceeds toward higher mass
scales. In the present paper we aim to study the correla-
tion between the BCG luminosity and cluster mass, thus
providing some constraints on BCG formation scenarios,
and investigate the amount of ICL that may be present.
This will allow us to probe the total cluster stellar popula-
tion. Due to the depth of the 2MASS, it is not possible to
directly measure the amount of ICL; instead we estimate
it from simple models that utilize the L–M relation, the
BCG light–cluster mass relation and models of hierarchical
structure formation.
The plan of the paper is follows: we describe in §2 our
cluster sample, the BCG selection criteria, and the pho-
tometry we use for BCG luminosity. Our analysis of BCG
properties is presented in §3, where we study the corre-
lation between the cluster mass and the BCG luminosity,
and the BCG-to-total galaxy luminosity fraction as a func-
tion of cluster mass (§3.1). We discuss constraints on BCG
formation scenarios (§3.2) and probe the properties of the
second and third ranked galaxies (§3.3). In §4 we model
the amount of ICL that may be present in clusters, and use
it to examine the enrichment of the intracluster medium.
Finally we discuss and summarize our results in §5 & §6,
respectively.
Throughout the paper we assume the density parame-
ters for the matter and the cosmological constant to be
ΩM = 0.3, ΩΛ = 0.7, respectively, and the Hubble param-
eter to be H0 = 70 h70 km s
−1 Mpc−1.
2. analysis overview
In this section we discuss our cluster sample, the BCG
selection, the method we use to estimate total cluster lu-
minosity, and the photometry in the 2MASS catalog that
we adopt to obtain BCG luminosity. We further test how
reliable the chosen photometry is in representing the total
galaxy light.
2.1. Cluster Sample and Total K-band Luminosity
Fig. 1.— Cumulative projected radial distribution of the BCGs.
The distance is normalized to the virial radius (r200) of each cluster.
The number of galaxies located within a given distance is normalized
to the total BCG number Ntot = 93. Notice that the BCGs located
within 1% of the viral radius are shown to be at r/r200 = 0.01. Note
that 75% of the BCGs are located within 0.06r200.
Our cluster sample is built from several X–ray cluster
catalogs; please refer to §2 of paper II for the catalog
references and a more detailed explanation of our anal-
ysis. Here we give a brief account of our procedures.
Due to the depth of the 2MASS, we study clusters only
out to z ≤ 0.09; we restrict the clusters to lie above the
Galactic plane (|b| > 10◦). All our clusters have X–ray
emission-weighted mean temperature TX measurements,
from which we estimate the virial radius r200, within which
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Table 1
BCG Data
Cluster z TX BCG L
iso
b
♯ Lext
b
♯ Cluster z TX BCG L
iso
b
♯ Lext
b
♯
Name (keV) Name† 1011L⊙ 10
11L⊙ Name (keV) Name
† 1011L⊙ 10
11L⊙
a2319 0.0557 11.8 19211004 + 4356443 9.41 ± 0.50 11.37 ± 0.64 a3562 0.0499 3.80 13320334 − 3146430 5.92 ± 0.33 5.78 ± 0.28
trian 0.0510 9.50 16381810 − 6421367 17.50 ± 0.89 18.87 ± 1.25 a2670 0.0762 3.73 23541371 − 1025084 9.78 ± 0.72 12.31 ± 1.08
a2029 0.0773 8.70 15105610 + 0544416 21.27 ± 1.20 21.33 ± 1.04 a2657 0.0404 3.70 23443040 + 0915499 3.00 ± 0.17 2.91 ± 0.14
a2142 0.0899 8.68 15582002 + 2714000 6.06 ± 0.57 6.67 ± 0.63 a1142 0.0349 3.7 11005745 + 1030197 5.09 ± 0.22 4.70 ± 0.19
a0754 0.0542 8.50 09083238 − 0937470 8.35 ± 0.45 8.41 ± 0.40 a2634 0.0314 3.70 23382938 + 2701526 8.09 ± 0.25 7.99 ± 0.23
a1656 0.0232 8.21 13000809 + 2758372 10.10 ± 0.19 9.56 ± 0.17 2a0335 0.0349 3.64 03384056 + 0958119 5.82 ± 0.26 6.75 ± 0.32
a2256 0.0601 7.51 17042724 + 7838260 7.59 ± 0.51 7.77 ± 0.46 a3526 0.0114 3.54 12484927 − 4118399 8.05 ± 0.13 7.75 ± 0.17
a3667 0.0560 7.00 20122726 − 5649363 9.46 ± 0.54 9.69 ± 0.48 a1367 0.0216 3.50 11440217 + 1956593 4.78 ± 0.12 4.48 ± 0.10
a2255 0.0806 6.87 17122875 + 6403385 6.43 ± 0.47 7.03 ± 0.54 mkw03s 0.0434 3.5 15215187 + 0742319 3.34 ± 0.20 3.51 ± 0.20
a0478 0.0881 6.84 04132526 + 1027551 8.61 ± 0.44 10.81 ± 0.65 a1736 0.0458 3.50 13272804 − 2719288 9.84 ± 0.40 9.63 ± 0.35
a1650 0.0845 6.70 12584149 − 0145410 5.35 ± 0.49 5.74 ± 0.55 hcg094 0.0417 3.45 23171357 + 1842295 10.63 ± 0.41 10.31 ± 0.41
a0644 0.0704 6.59 08172559 − 0730455 5.25 ± 0.47 7.28 ± 0.90 a2589 0.0416 3.38 23235741 + 1646379 6.35 ± 0.36 7.04 ± 0.40
a0426 0.0183 6.33 03194823 + 4130420 7.54 ± 0.14 8.17 ± 0.29 mkw08 0.0270 3.29 14404287 + 0327555 4.64 ± 0.21 4.70 ± 0.19
a1651 0.0860 6.30 12592251 − 0411460 8.90 ± 0.70 10.82 ± 0.96 a4038 0.0283 3.15 23474504 − 2808265 4.07 ± 0.20 4.82 ± 0.27
a3266 0.0594 6.20 04311330 − 6127114 12.23 ± 0.65 14.22 ± 0.83 a1060 0.0114 3.10 10364282 − 2731420 2.89 ± 0.06 3.16 ± 0.11
a0085 0.0551 6.10 00415052 − 0918109 11.53 ± 0.53 11.24 ± 0.46 a2052 0.0348 3.10 15164448 + 0701180 6.59 ± 0.31 7.52 ± 0.38
a2420 0.0846 6.0 22101878 − 1210141 8.89 ± 0.75 12.74 ± 1.48 a0548e 0.0395 3.10 05483835 − 2528404 4.99 ± 0.28 5.33 ± 0.28
a0119 0.0440 5.80 00561610 − 0115197 8.45 ± 0.39 8.55 ± 0.38 a2593 0.0433 3.1 23242006 + 1438492 6.58 ± 0.40 7.48 ± 0.45
a3391 0.0531 5.70 06262045 − 5341358 16.27 ± 0.61 15.93 ± 0.54 a0539 0.0288 3.04 05163713 + 0626526 5.07 ± 0.15 4.22 ± 0.31
a3558 0.0480 5.70 13275688 − 3129437 13.50 ± 0.63 14.95 ± 0.72 as1101 0.0580 3.00 23135863 − 4243393 5.42 ± 0.38 7.80 ± 0.70
a3158 0.0590 5.50 03425295 − 5337526 6.72 ± 0.47 9.14 ± 0.83 a0779 0.0230 2.97 09194687 + 3344594 7.69 ± 0.18 7.21 ± 0.15
a1991 0.0590 5.4 14543146 + 1838325 5.73 ± 0.40 6.85 ± 0.48 awm4 0.0326 2.92 16045670 + 2355583 7.11 ± 0.24 7.05 ± 0.22
a2065 0.0726 5.37 15215562 + 2724530 3.81 ± 0.28 4.93 ± 0.29 exo0422 0.0390 2.90 04255133 − 0833389 5.14 ± 0.25 5.13 ± 0.21
a1795 0.0631 5.34 13485251 + 2635348 6.40 ± 0.37 9.08 ± 0.68 a2626 0.0553 2.9 23363057 + 2108498 7.48 ± 0.47 8.24 ± 0.46
a3822 0.0760 5.12 21550019 − 5739278 6.62 ± 0.45 6.86 ± 0.47 zw1615 0.0302 2.9 16174059 + 3500154 2.75 ± 0.10 2.77 ± 0.10
a2734 0.0620 5.07 00112166 − 2851158 6.23 ± 0.42 7.70 ± 0.55 mkw09 0.0397 2.66 15323201 + 0440516 4.06 ± 0.23 4.32 ± 0.23
a3395sw 0.0510 5.00 06273625 − 5426577 6.62 ± 0.43 7.77 ± 0.47 a0194 0.0180 2.63 01260057 − 0120424 6.49 ± 0.13 5.41 ± 0.05
a0376 0.0484 5.0 02460391 + 3654188 5.62 ± 0.33 6.60 ± 0.41 a0168 0.0450 2.6 01145760 + 0025510 5.26 ± 0.26 5.54 ± 0.26
a1314 0.0335 5.0 11344932 + 4904388 4.87 ± 0.15 5.05 ± 0.15 a0400 0.0240 2.43 02574155 + 0601371 5.61 ± 0.27 6.38 ± 0.27
a2147 0.0351 4.91 16021984 + 1620462 4.70 ± 0.17 4.71 ± 0.16 a0262 0.0161 2.41 01524648 + 3609065 4.25 ± 0.11 4.08 ± 0.10
a3112 0.0750 4.70 03175766 − 4414175 11.15 ± 0.68 14.40 ± 0.93 a2151 0.0369 2.40 16043575 + 1743172 5.62 ± 0.20 5.74 ± 0.19
a1644 0.0474 4.70 12571157 − 1724344 11.35 ± 0.61 12.67 ± 0.69 mkw04s 0.0283 2.13 12063891 + 2810272 7.53 ± 0.17 7.23 ± 0.15
a2199 0.0303 4.50 16283827 + 3933049 8.45 ± 0.28 8.05 ± 0.24 a3389 0.0265 2.1 06222206 − 6456025 5.64 ± 0.20 5.32 ± 0.17
a2107 0.0421 4.31 15393904 + 2146579 7.78 ± 0.34 7.91 ± 0.31 ivzw038 0.0170 2.07 01072493 + 3224452 5.30 ± 0.11 4.92 ± 0.10
a0193 0.0486 4.2 01250764 + 0841576 7.77 ± 0.31 8.21 ± 0.34 as0636 0.0116 2.06 10302648 − 3521343 3.49 ± 0.07 3.15 ± 0.06
a2063 0.0355 4.10 15230530 + 0836330 4.34 ± 0.24 4.77 ± 0.27 a3581 0.0230 1.83 14072978 − 2701043 3.41 ± 0.12 3.29 ± 0.10
a4059 0.0475 4.10 23570068 − 3445331 10.41 ± 0.50 10.75 ± 0.50 mkw04 0.0200 1.71 12042705 + 0153456 7.13 ± 0.21 6.65 ± 0.18
a1767 0.0701 4.1 13360827 + 5912229 8.67 ± 0.56 11.29 ± 0.86 ngc6338 0.0282 1.69 17152291 + 5724404 6.07 ± 0.18 5.70 ± 0.15
a0576 0.0389 4.02 07213023 + 5545416 6.53 ± 0.26 9.45 ± 0.70 a0076 0.0405 1.5 00392632 + 0644028 6.87 ± 0.24 7.17 ± 0.26
a3376 0.0456 4.00 06004111 − 4002398 5.81 ± 0.34 5.96 ± 0.31 ngc6329 0.0276 1.45 17141500 + 4341050 4.00 ± 0.13 3.61 ± 0.10
a0133 0.0569 3.97 01024177 − 2152557 7.76 ± 0.47 8.08 ± 0.42 as0805 0.0140 1.4 18471814 − 6319521 4.92 ± 0.11 4.52 ± 0.10
a0496 0.0328 3.91 04333784 − 1315430 7.00 ± 0.28 7.35 ± 0.28 ngc0507 0.0165 1.26 01233995 + 3315222 5.62 ± 0.12 5.45 ± 0.12
a1185 0.0325 3.9 11103843 + 2846038 4.50 ± 0.14 4.49 ± 0.13 ngc2563 0.0163 1.06 08203567 + 2104042 3.04 ± 0.06 2.76 ± 0.05
awm7 0.0172 3.90 02542739 + 4134467 6.79 ± 0.14 6.39 ± 0.15 wp23 0.0087 1.0 13165848 − 1638054 2.87 ± 0.05 2.95 ± 0.10
a2440 0.0904 3.88 22235694 − 0134593 6.24 ± 0.41 6.21 ± 0.42 ic4296 0.0133 0.95 13363905 − 3357572 8.13 ± 0.16 7.42 ± 0.14
a3560 0.0489 3.87 13314673 − 3253401 4.88 ± 0.28 5.44 ± 0.34 hcg062 0.0137 0.87 12530567 − 0912141 2.99 ± 0.09 2.77 ± 0.08
a0780 0.0538 3.80 09180565 − 1205439 5.22 ± 0.35 5.11 ± 0.30
†The 2MASS designation, where the prefix 2MASXJ is omitted.
♯Lisob is obtained by subtracting 0.2 mag from the isophotal magnitudes; L
ext
b is given by the extrapolated total magnitudes. These are extinction
and k-corrected luminosities.
the enclosed mean overdensity is 200 times the critical den-
sity of the universe, ρc. The cluster masses range from
3×1013h−170 M⊙ to 2×10
15h−170 M⊙, spanning approximately
a factor of 70 in virial mass. We define the cluster center
as the peak of the X–ray emission, either from the cluster
catalogs or from archival ROSAT images. The cluster red-
shift is from the catalogs or NED/SIMBAD. For each clus-
ter, we build a galaxy catalog from the 2MASS extended
source catalog for galaxies brighter than the 2MASS com-
pleteness limit Ks = 13.5 mag (hereafter we denote Ks by
K for simplicity) that lie within the virial radius.
Within each galaxy catalog, we sort the galaxies accord-
ing to their apparent magnitudes, and search for redshift
information from the NED for the bright galaxies. Red-
shift measurements are available for most of the galaxies.
We consider galaxies with recession velocity within vc±3σv
as cluster members, where vc and σv are cluster recession
velocity and velocity dispersion, respectively, which are
collected from the literature (Struble & Rood 1999; Wu
et al. 1999). We do not choose BCGs based on their mor-
phology.
We list in Table 1 the BCGs in our sample. The ta-
ble contains the cluster name, cluster redshift and X–ray
temperature, BCG name (under the 2MASS designation),
BCG luminosities derived from 2MASS isophotal and ex-
trapolated total photometries, respectively (see §2.2).
There is one cluster whose BCG could not be unam-
biguously determined, because no redshift measurement is
available (Exo 0422-086); we assign the brightest galaxy
as the BCG, as it lies very close to the cluster center (the
projected distance is 0.007 r200). Removing this system
from the sample does not change our results.
In Fig 1 we show the cumulative radial distribution of
the BCGs, with radial distance normalized to the virial ra-
dius of the host clusters. The majority of the galaxies that
we assign as BCGs is located at the center of the cluster
potential, as traced by the X–ray emission. For example,
about 45% of the BCGs are located within 1% of the virial
radius, and 90% within 0.38 r200. It has long been recog-
nized that BCGs lie very close to the cluster center (e.g.
Jones & Forman 1984; Beers & Tonry 1986; Rhee & La-
tour 1991; Postman & Lauer 1995; Lazzati & Chincarini
1998); what is new from our analysis are the large cluster
sample size and the adoption of the cluster virial radius as
a fundamental scale. An important implication is that, in
the absence of X–ray images or detailed kinematic infor-
mation about the galaxies, the BCG position can serve as
a good proxy for the cluster center.
Except for those clusters undergoing major mergers, in
which case BCGs may be far from the minimum of the
cluster potential, we do not expect BCGs to lie far from
the X–ray peaks. Within this context, the figure also al-
lows us to estimate the accuracy of our BCG selection. In
cases of merging, the galaxy we identify as the BCG may
well be a chance interloper. From the figure we see that
∼ 8% of our BCGs lie at r > 0.5r200; indeed, most of the
second-ranked galaxies of these clusters lie at r < 0.1r200.
This implies a . 10% contamination rate from non-BCGs
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in the BCG luminosity–cluster mass correlations (§3), and
this may be a source of the scatter. We note, however,
restricting the BCGs to lie well within the cluster virial
radius (e.g. r500 ≈ 0.6r200, within which the mean density
is 500ρc) has very little effect on the cluster L–M relation,
or the BCG light fraction (see §3.1 below).
Given the high frequency of clusters exhibiting X–ray
evidence of mergers (50 − 70%, as inferred from the cen-
troid variations, e.g. Mohr et al. 1995), the preponderance
of centrally located BCGs in this sample (Fig 1) seems
rather surprising. This may suggest that the timescale for
the BCG to sink to the cluster potential minimum is short
compared to the relaxation timescale of the intracluster
gas. Alternatively, the scale of merger required to perturb
the X-ray properties of the cluster could be smaller than
the scale of the merger required to perturb the BCG from
the cluster center.
To estimate the total cluster light for each cluster,
we calculate the total observed number and luminosity
from member galaxies (excluding the BCG); corrections
for background/foreground galaxies are estimated statisti-
cally. From the total number and luminosity we solve for
the cluster luminosity function (LF) φ(L). Specifically,
with a fixed faint-end slope α = −1.1, we solve for the
characteristic luminosity L∗ and density φ∗ in the func-
tional form proposed by Schechter (1976). We note the
choice of α is consistent with the “stacked” luminosity
function formed from all our 93 clusters (see §3.2 in paper
II). The total luminosity from galaxies, which are within
the virial region and are brighter than a minimum lumi-
nosity Lmin, is then L200 =
∫∞
Lmin
φ(L)LdL + Lb, where
Lb is the BCG luminosity, and we choose Lmin that cor-
responds to Mmin = −21 mag. Our approach is described
in more detail in §2 of paper I.
2.2. 2MASS Photometry of BCGs
We use the µK = 20 mag/arcsec
2 isophotal elliptical
aperture magnitudes provided by the 2MASS extended
source catalog for both the BCGs and other galaxies. The
effects of Galactic extinction and k-correction are included.
We use the value of the extinction coefficient provided by
the NED at the cluster center, and adopt a k-correction of
the form k(z) = −6 log(1+z) (Kochanek et al. 2001). More
importantly, we make a correction of 0.2 mag to convert to
the “total” magnitudes, following Kochanek et al. (2001).
This value is inferred by comparing 2MASS (second in-
cremental release) isophotal magnitudes with deeper pho-
tometry (Kochanek et al. 2001), and is consistent with the
estimate that the isophotal magnitudes capture 80− 90%
of the integrated flux for normal galaxies 3. However, given
the peculiar properties of the BCGs (especially those that
belong to the cD class), we do not expect the simple correc-
tion for normal galaxies to apply to BCGs. Below we use
published BCG photometry to investigate how well this
naive correction works in recovering the BCG “total” light.
We emphasize here that we do not attempt to measure the
total BCG light, but are mostly concerned with the cor-
relations between an objective measure of BCG light and
cluster mass (§3).
Bearing our objective in mind, it is crucial that the
isophotal photometry we choose does not introduce any
cluster mass related systematics. To be specific, we have to
understand if there is any (cluster) mass-dependent struc-
tural variation in the BCGs that will affect the isophotal
photometry. To this end, we gather from the literature
observed surface brightness profiles for 49 BCGs whose
host clusters have measured X–ray temperatures (primar-
ily from Graham et al. 1996, with additional measure-
ments from Gonzalez et al. 2000; Fasano et al. 2002; Gra-
ham 2002; below they are referred to as the known profile
BCG sample). With appropriate colors R − K = 2.6,
r − K = 2.5, I − K = 2.0 & B − K = 4.2 for early
type galaxies, we transform the measured profiles into
the K-band, and calculate the differences between the
µK = 20 mag/arcsec
2 magnitudes and those correspond-
ing to µK = 20.9 & 21.5 mag/arcsec
2. We caution that
because the completeness limit of Graham et al. (1996)
sample is at µR = 23.5 mag/arcsec
2, some of the magni-
tude differences shown in Fig 2 are extrapolations. The
resulting differences depend on the surface brightness pro-
files of the galaxies, as well as the surface brightness at
which the magnitudes are obtained. From the figure it
is seen that on average the magnitude differences are
∆m(µ20 − µ20.9) = 0.26, ∆m(µ20 − µ21.5) = 0.43. Fur-
thermore, we notice that the BCG surface brightness pro-
file are typically described by either a Sersic profile or a
power-law (Graham et al. 1996). The average magnitude
differences for those galaxies best-fit by Sersic profiles (36
galaxies) are 0.21 & 0.36 mag at different surface bright-
ness, while for the 13 galaxies best described by power-
laws they are 0.38 & 0.63. The larger magnitude differ-
ence for the latter is expected, because of the flatness of
the profiles. This exercise also indicates that the surface
brightness profiles must steepen at larger radii (or fainter
surface brightness) or the “total” light of the BCGs would
be ill-defined.
Interestingly, we note the differences do not show any
obvious trend with either cluster redshift or temperature
(i.e. mass). As the 49 BCGs span wide ranges in the
best-fit profile parameter space (c.f. Graham et al. 1996)
and their host clusters in the z − TX space, the results
of this test should be representative of nearby BCGs and,
therefore, our galaxy sample.
The above test shows that our simple scheme of “cor-
recting” the galaxy magnitudes by subtracting 0.2 mag
from the isophotal magnitudes should not introduce any
systematic correlation between the BCG light and clus-
ter mass. However, it is also important to see how much
light is recovered from this 0.2 mag correction. Apparently
this depends on the BCG light profile and the depth de-
sired. 2MASS provides photometries derived from larger
apertures, such as Kron and “total” (extrapolated) mag-
nitudes. These are obtained by fitting a Sersic profile
in a large area around each galaxy. We choose to use
the isophotal magnitudes for the BCGs, as used for other
galaxies, for the homegeneity of the analysis, and also to
prevent possible contamination from nearby stars or sur-
face brightness fluctuations on the sky.
We examine the differences between the isophotal and
the total extrapolated magnitudes for the BCGs, and find
that for about 75% of all 93 BCGs the magnitude differ-
ence is 0.2 mag, with a scatter of ∼ 0.1 mag. This implies a
3 http://www.ipac.caltech.edu/2mass/releases/allsky/doc/explsup.html
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0.2 mag correction to the isophotal magnitude gives an ac-
curacy good to ∼ 10%. Most of the remaining 25% of the
BCGs (23 galaxies) belong to clusters at 0.02 ≤ z ≤ 0.09
that have masses 2 × 1014M⊙ ≤ M200 ≤ 7.5 × 10
14M⊙.
By inspecting the postage stamp images of these galax-
ies4, we find that most of them have nearby bright sources
at 0′.5− 1′ around them.
Fig. 2.— Differences in isophotal magnitudes at µK = 20
mag/arcsec2 and at other surface brightness (solid points: 20.9
mag/arcsec2, hollow points: 21.5 mag/arcsec2). The circular points
indicate the galaxy is best-fit by a Sersic profile, while the triangles
represent those best-fit by a power-law surface brightness profile.
Notice that there is no apparent trend between the magnitude dif-
ferences and cluster mass (X–ray temperature).
In addition to possible contamination from nearby
sources, cosmic dimming is also a probable cause of the
larger difference between the photometries. At greater
redshifts the cosmic dimming may affect the isophotal pho-
tometry and in turn any correlation between the BCG and
cluster mass, as more massive clusters in our sample tend
to lie at higher redshifts. We artificially place the galaxies
in the known profile BCG sample at different redshifts and
evaluate the magnitudes of cosmic dimming. It is found
that if the clusters were all at z ∼ 0.1, dimming would
cause a change of 0.05 to . 0.2 mag. Furthermore, we do
not see any correlation between the profile shape and the
redshift for the BCGs of known profiles. In particular, we
note that 7 of the 23 known profile BCGs that lie in our
sample of 93 have no apparent systematic differences in
their profile parameters compared to the other BCGs of
known profiles.
Thus, for the analysis below we estimate the BCG (as
well as other cluster galaxies) magnitude as 0.2 mag less
than the 2MASS elliptical, isophotal magnitudes.
3. connection between bcgs and host clusters
In paper II we analyze the L–M relation, the corre-
lation between the total light from all the cluster galax-
ies and the cluster mass. Let Lg denote the luminos-
ity from all galaxies except for the BCG; we find that
L200 = Lg + Lb ∝ M
0.72±0.04
200 , while Lg ∝ M
0.82±0.04
200 .
This implies that the importance of the BCG contribution
to cluster light depends on the cluster mass, and that BCG
luminosity is very important in the cluster light budget.
By examining any correlations between properties of the
BCGs and host clusters, one may be able to place con-
straints on the formation scenarios of the BCGs and more
broadly, the evolution of the clusters.
Below we first study the Lb–M200 correlation in detail,
and then discuss the BCG contributions to the total light
across a factor of 70 in cluster mass (§3.1). We then use
these observations to discuss the BCG formation history
(§3.2). Finally we investigate the photometric and kinetic
properties of the second– and third–ranked galaxies (here-
after G2 and G3) in a subset of our cluster sample (§3.3).
A word of caution is in order here– although in this
section we often refer to L200 as the total light in a sys-
tem, it actually means the total light in galactic objects.
As we argue in §1, the evidence for a stellar population
in intracluster space is firm, and the ICL contribution to
the total cluster light may not be negligible. Furthermore,
we regard stars in extended diffuse envelopes around some
BCGs as part of the ICL. We therefore use the notation
Ltot to denote light from all known stellar populations in
clusters (the BCG and the ICL, and the galaxies) brighter
than a luminosity cutoff.
3.1. BCG Luminosity and Cluster Mass
Fig. 3.— The correlation between the BCG luminosity (estimated
from the isophotal magnitudes) and the cluster virial mass. On the
right axis is shown the corresponding magnitudes. Overall the BCG
luminosity scales with cluster mass as Lb ∝ M
0.26±0.04
200
(the solid
line).
BCGs are well-known for the similarity of their luminos-
ity (e.g. Sandage 1972, 1976; Hoessel et al. 1980; Schneider
et al. 1983a; Collins & Mann 1998), and there have even
been attempts to use them as standard candles in a cos-
mological context (Postman & Lauer 1995). In Fig 3 we
plot the BCG K-band isophotal magnitudes against the
mass of their parent cluster. The BCGs in our sample
have a mean magnitude ofMK = −26.12±0.05 mag, with
4 http://irsa.ipac.caltech.edu/applications/2MASS/PubGalPS/
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a 0.44 mag scatter about the mean. For comparison, the
characteristic magnitude of the composite cluster LF for
our cluster sample is MK∗ = −24.34 (paper II).
Considering the vastly different environments in clusters
in our sample, it is not surprising that a spread in BCG
luminosity is present; however, more interesting is the ap-
parent correlation between Lb and cluster binding mass.
Below the mass scale ∼ 1014M⊙, Lb seems to be rather
constant (although see §5.2), however, for systems more
massive, there is a trend; a least-square fit to the data for
11 systems with M200 < 10
14M⊙ gives
Lb
1011h−270 L⊙
= 5.7+3.4−2.1
(
M200
1014h−170 M⊙
)0.32±0.30
,
consistent with a flat distribution; for 82 clusters more
massive than 1014M⊙ we have
Lb
1011h−270 L⊙
= 4.4± 0.3
(
M200
1014h−170 M⊙
)0.33±0.06
.
When fitting the whole BCG sample, we find
Lb
1011h−270 L⊙
= 4.9± 0.2
(
M200
1014h−170 M⊙
)0.26±0.04
. (1)
The Spearman correlation coefficient is 0.51, with a prob-
ability of 1.5 × 10−7 that such correlation happens by
chance. The fractional scatter about the fit is 34%.
There have been many attempts to examine how well
BCGs correlate with the parent clusters, as this may reveal
the connection between the two (e.g. Sandage & Hardy
1973; Sandage 1976; Hoessel et al. 1980; Schneider et al.
1983a; Postman & Lauer 1995; Graham et al. 1996; Collins
& Mann 1998; Katayama et al. 2003, among others). Using
photographic data, Oemler (1976) shows both Lb & Lb+env
correlate with the total cluster luminosity for a sample of
cD galaxies, where Lb+env is the luminosity of the galaxy
and the cD envelope associated with it. This result is con-
firmed later within a much larger sample (Schombert 1987,
1988). The former study also finds correlations between
Lb and total observed galaxy number, cluster velocity dis-
persion, and X–ray luminosity, although not to a high de-
gree. A joint X–ray and K-band analysis of 22 clusters
finds weak correlation between Lb and cluster tempera-
ture (Edge 1991), which we now know is a good proxy
for cluster virial mass. Subsequent studies have confirmed
these earlier findings (e.g. Fisher et al. 1995; Brough et al.
2002; De Grandi et al. 2004, and references therein). Our
result also agrees qualitatively with the previous investi-
gations, but it is unique in the relatively large sample size
and its broad range in mass, the reliable cluster mass es-
timates (derived from X–ray temperature measurements),
the physical quantities being evaluated at fixed overdensi-
ties, and the use of K-band data, which is less sensitive to
on-going star formation.
What is less appreciated in previous studies is the BCG
luminosity fraction, i.e. the BCG-to-total luminosity ra-
tio. There have been estimates of this fraction for some
clusters (e.g. A2029, BCG+envelope, ∼ 23% in R-band,
Uson et al. 1991; A1651, BCG+halo, ∼ 36% within 0.7
Mpc, in I-band, Gonzalez et al. 2000; three massive clus-
ters at 0.8 < z . 1.0, 10 − 16% in K-band, Ellis & Jones
2004). These results show that indeed the BCG contribu-
tion to total cluster light is large. With the large sample
and the information on the total light from cluster galax-
ies, we are in good shape to study the BCG luminosity
fraction from groups to massive clusters, which is plotted
in Fig 4. We recall that the total luminosity is obtained by
summing the contributions from the BCG and from other
cluster galaxies, where the latter component is obtained
by integrating the LF of individual clusters. We also note
that the uncertainty in the “total” BCG light should not
affect the overall trend (except for the normalization), be-
cause, as shown in the previous section, the magnitude
differences between the µK = 20 mag/arcsec
2 isophotal
and deeper photometry do not depend on system mass.
As clearly shown in the figure, the BCG light consti-
tutes a very large fraction of total light at group mass
scales (40− 50%), but becomes less important in the over-
all luminosity budget progressively, as we move to highest
mass clusters (∼ 5%). To be more quantitative, we find
in paper II that the light from normal galaxies in clusters
grow as M0.82±0.04200 ; as long as the slope is greater than
that of the Lb–M correlation, a decreasing BCG luminos-
ity fraction is a natural outcome. Clusters appear to gain
light faster than BCGs do, which may be the case when a
significant number of galaxies are accreted from either the
field environments or less massive groups or clusters, while
at the same time the rate of BCG growth (e.g. via galactic
cannibalism or mergers) remains rather modest. We ex-
plore this possibility as well as some BCG formation and
evolution scenarios in the next section.
Fig. 4.— The BCG light fraction, defined as the ratio of BCG
luminosity-to-total cluster galaxy light (BCG and other galaxies).
The comparatively low rate of galaxy mergers with the BCG as
groups are merged hierarchically into more massive clusters leads to
the decreasing BCG light fraction (see §3.2.2).
3.2. Implications for BCG Formation and Evolution
There are several proposals for the formation and evo-
lution of the BCGs, including “galactic cannibalism”, a
rapid merger among galaxies during the collapse and viri-
alization of low mass systems, and the cooling flows. In
the first scenario, orbital radii of galaxies decrease with
time because of dynamical friction, and eventually galaxies
merge with the galaxy that first sinks to the bottom of the
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gravitational potential. Therefore a central galaxy grows
in mass and luminosity as the cluster evolves (Ostriker &
Tremaine 1975; Richstone 1976; Hausman & Ostriker 1978;
Malumuth & Richstone 1984). This picture has been crit-
icized for requiring unreasonably short dynamical friction
timescales, and overpredicts the luminosity gained through
mergers over cosmic time (Merritt 1983). Instead, Merritt
(1984, 1985) show that the dynamic friction time scale is
very long compared to the Hubble time (due to the clus-
ter mean field tidal stripping of subhaloes), and the most
likely way of forming a giant central galaxy is by rapid
merging at an epoch during the collapse and virialization
of groups or low mass clusters. In the third theory, strong
star formation activity takes place at cluster centers be-
cause of the cooling of gas (e.g. Cowie & Binney 1977;
Fabian 1994). The absence of a large color gradient to-
gether with the red color of BCGs seem to argue against
this possibility, unless the stars formed are biased toward
low mass (Edge 1991). Furthermore, recent X–ray obser-
vations suggest the ICM in “cool-core” clusters never cools
below 1− 2 keV (e.g. Peterson et al. 2001), and so we can
rule out this scenario.
Between the other two scenarios, the rapid merging dur-
ing low mass cluster collapse seems to be more plausible. A
high resolution N -body simulation which follows the hier-
archical build up of a Virgo-like cluster suggests the BCG
does form in a relatively short phase early in cluster evo-
lution, through mergers with a few massive galaxies (Du-
binski 1998). The alignment between the BCG semimajor-
axis and the surrounding large-scale structure also seems
to support this idea, as the preferred direction for merger
or accretion would be along the large scale filaments (West
1994). Furthermore, there is direct observational evidence
of mergers involving the brightest members taking place in
intermediate and high redshift clusters (Nipoti et al. 2003;
Yamada et al. 2002).
Under this scenario, the natural formation sites for (pro-
genitors of) BCGs are low mass systems, because the
merger rate is a steeply declining function of the veloc-
ity dispersion of a system (Merritt 1985). The subsequent
evolution of the BCGs has to explain the existence of the
Lb–M correlation (Fig 3). A simple picture is that BCGs
form in groups and become BCGs or other bright galaxies
in more massive systems, as hierarchical structure forma-
tion continues (Merritt 1985; Edge 1991). After a central
dominant galaxy in the merged system is formed, canni-
balism can take place, but with a very small luminosity
ingestion rate (e.g. ∼ 2 − 4L∗ over a course of 10 Gyrs,
Merritt 1985; Lauer 1988; Tremaine 1990). Given that
L∗ ∼ 10
11L⊙ (paper II), this amount seems to be able
to account for the mild increase of Lb from group scales
(M200 ≤ 10
14M⊙) to low or intermediate mass clusters
(M200 ≤ 5 × 10
14M⊙), ∆Lb ∼ 3L∗ (c.f. Fig 3). To pro-
duce the more luminous BCGs in more massive clusters,
other mechanisms may be needed.
Below we seek plausible scenarios based on the obser-
vations presented in the previous section and in paper II.
We first compare the luminosity functions of high and low
mass clusters and argue that BCGs in massive clusters
are likely built from luminous galaxies in progenitors of
the host clusters (§3.2.1); then we show that the ΛCDM
model supports this scenario and leads to the observed
decreasing BCG light fraction (§3.2.2).
Before we proceed, it is worth mentioning that we have
adopted the view that the BCGs in our sample represent a
continuous evolution track. BCGs in the present-day high
mass clusters may be evolved from low mass cluster BCGs
at higher redshifts, which may not be the same as those
in the z = 0 low mass clusters. We have neglected this
possible difference in BCG properties in groups or clusters
at different cosmic epochs; we return to this issue in §5.4.
3.2.1. Constraints from Luminosity Function Variations
First we recall the conclusion drawn from Figs 3 & 4:
BCGs grow in luminosity, but at a less rapid rate compared
to their host clusters. Within the hierarchical structure
formation paradigm, clusters grow in mass and light by
merging with other galaxy systems, and by accreting iso-
lated field galaxies. How can BCGs grow? We examine
two possibilities: (1) mergers with normal galaxies in the
clusters, which, according to the calculations mentioned
above, may provide a small amount of light for the BCG
growth. (2) mergers with luminous galaxies, which may
likely be ex-BCGs of the progenitors of the clusters under
consideration. We discuss these options in turn.
Fig. 5.— Galaxy luminosity distribution (LD: the mean number
of galaxies per cluster per magnitude, with binwidth ∆m = 0.25
mag) in our cluster sample. The circular, pentagonal, and triangu-
lar symbols represent average galaxy LDs from the most massive,
the intermediate, and the least massive 25 clusters. The solid sym-
bols represent the galaxy counts when BCGs are excluded, while
hollow symbols shows the whole galaxy sample. Note that the most
luminous galaxies are found only in the highest mass clusters. The
comparison indicates that high mass cluster LD cannot be built from
LDs of intermediate and low mass clusters without galaxy mergers.
In paper II (§5.1) we study the difference between the
LFs of high and low mass clusters by stacking the 25
most and least massive clusters (the mean masses are
M200,h = 7.3×10
14M⊙ andM200,l = 1.1×10
14M⊙, respec-
tively). Two interesting points are found from the com-
parison: (1) the brightest galaxies appear only in the most
massive clusters, and (2) there is a marked deficit of ∼ L∗
galaxies in high mass clusters, compared to the low mass
cluster LF. We note, however, these observations refer to
non-BCG galaxies, because no BCGs are included when
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we construct the LFs. It is straightforward to calculate
the amount of light contained in the ∼ L∗ galaxies that
are “missing” in the high mass clusters. We integrate the
difference of the low and high mass cluster LFs to obtain
the luminosity density of the missing galaxy population,
multiply it by the volume of a typical low mass cluster,
then by the mass ratio between high and low mass sys-
tems Mh/Ml. The amount of light is ∼ 2×10
11L⊙ ≈ 2L∗,
about 40% of the difference between BCG luminosities in
high and low mass systems (∼ 5L∗). Therefore even if
all the ∼ L∗ galaxies that are missing in high mass clus-
ters were devoured by the BCG, there is still need for an
additional source to feed the central beast.
To explore the second possibility, we turn to the lu-
minosity distribution (LD) in clusters of different mass
scales. The LD is the mean number of galaxies per cluster
per magnitude as a function of magnitude (e.g. Schechter
1976); the difference between this and the luminosity func-
tion is that the LF contains information on spatial density
of the galaxy populations. Following similar procedures
outlined in §3.2 in paper II, we construct LDs for 3 mass
scales; in addition to the 25 most and least massive clus-
ters, an intermediate mass class of clusters (the mean mass
being M200,i = 2.8×10
14M⊙) is also considered. We show
in Fig 5 the resultant LDs. In the figure different point
styles correspond to different mass classes. For the LD of
each mass class we use two symbols to differentiate when
the BCGs are included (hollow points) or excluded (solid
points). It is apparent that the luminosity of the brightest
galaxies in each mass class increases with the mass of the
clusters. Another interesting point is that in the interme-
diate or high mass clusters, even non-BCG galaxies can
be as bright as (or even brighter than) the BCGs in the
low mass clusters (e.g. solid circles/pentagons v.s. hol-
low triangles). Finally, we note that there is on average
1.0+0.3−0.2 galaxy more luminous than MK = −25.3 in a typ-
ical low mass cluster, while there are on average 3.1+0.5−0.3
and 2.0+0.4−0.3 such galaxies in high and intermediate mass
clusters, respectively. However, if a typical high mass clus-
ter is composed solely from either typical intermediate or
low mass clusters (i.e. no significant amount of luminous
field/isolated galaxies accreted, or no significant galaxy de-
struction during cluster merging), we would expect there
to be 5 or 6 galaxies brighter than MK = −25.3, instead
of 3, in the high mass clusters. Thus, galaxies appear to
be missing on the bright end in massive clusters.
We can repeat the exercise for the amount of light ex-
pected. The observed luminosity from galaxies brighter
than MK = −25.3 in a high mass cluster is 2.2× 10
12L⊙,
which is at most 2/3 of the expectation if the light were
coming from all galaxies in the same luminosity range in
intermediate or low mass clusters. Therefore, from both
galaxy counting and the luminosity budget, we conclude
that there are more than enough bright galaxies in lower
mass systems to make up BCGs in the most massive clus-
ters. However, the massive cluster luminosity distributions
are not simply the sum of many low mass luminosity dis-
tributions, because the massive clusters contain (1) fewer
galaxies than would be expected in this case and (2) more
luminous galaxies than any in the low mass clusters.
3.2.2. Merger Tree Considerations
The data seem to support a scenario where, after form-
ing in low mass groups, BCGs continue to grow primarily
by merging with BCGs and ∼ L∗ galaxies in other galaxy
systems, as the host group/cluster grows hierarchically. It
is important to test whether the ΛCDM cosmology sup-
plies enough mergers for BCGs to grow, and if cluster light
grows faster than the BCG light. We utilize a merger tree
algorithm developed by Somerville & Kolatt (1999) to ex-
amine these issues. For a halo of mass M0 at z = 0, we
follow the accretion/merger history of its most massive
progenitor (MMP); more specifically, at each redshift step
(∆z ≈ 0.05), we record the number and mass of haloes
which merge with the MMP, the main “trunk” of the tree.
For a progenitor halo of mass Mh, we estimate its galaxy
content by using the halo occupation number N(Mh) de-
termined directly from our cluster sample (paper II, §4.2).
For simplicity we ignore the difference between the defi-
nition of the halo mass (i.e. that suitable for theoretical
mass functions and that used as the virial masses in our
observations). We also ignore any time evolution in the
halo occupation number here (however, see §4.1 below).
Fig. 6.— Probability distribution of the expected number of major
mergers for present day clusters of different masses. The results for
each halo mass (1014, 5×1014 & 1015M⊙) are generated from 1000
monte carlo realizations of merger processes, following the extended
Press-Schechter formalism outlined in Somerville & Kolatt (1999).
These distributions provide an indication of how many BCGs are
delivered from lower mass scale groups and clusters in the formation
of systems with these three masses.
We first consider the BCG growth. We estimate the
numbers of massive groups (Mh ≥ 3 × 10
13M⊙) that
are expected to merge onto the MMP of a present day
M0 = 10
14M⊙, M0 = 5 × 10
14M⊙ & M0 = 10
15M⊙ sys-
tem. With the power spectrum normalization σ8 adopted
from the the WMAP result (Bennett et al. 2003) we find
the numbers to be 0.3+0.5−0.3, 3.9 ± 1.1 & 7.2 ± 1.8, respec-
tively (Fig 6). Assuming there is at least one galaxy as
bright as the observed BCGs in our lowest mass clusters
(3 − 4L∗) for each of the groups merged, and that these
galaxies do not get disrupted during infall, there appears
to be more than enough light to account for the luminosity
differences between BCGs in each of the mass classes (c.f.
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Fig 3). Furthermore, if the merger efficiency between the
brightest galaxies is such that one ex-BCG from every 2−3
merged groups merges with the BCG of the main halo, the
observed difference in the number of bright galaxies can be
accounted for.
Next let us consider the number of (normal) galaxies to
be accreted/merged with the MMP. We assume that a halo
whose mass is in the range 1011 ≤Mh . 10
13M⊙ contains
only one galaxy, while more massive haloes follow the ob-
servedN(Mh) relation. We note that the observedN(Mh)
relation is derived for galaxies brighter than MK = −21;
from the observed galaxy luminosity function (Kochanek
et al. 2001) and the theoretical halo mass function (Sheth
& Tormen 1999) we estimate the mass of such galaxies to
be ∼ 1011M⊙. ForM0 = 10
14M⊙, 5×10
14M⊙, & 10
15M⊙,
we find that there are 57± 4, 205± 11 & 373± 16 galaxies
to be accreted, respectively (among these are 36±6, 51±5
& 54 ± 5 isolated galaxies). We expect these galaxies to
lose mass as they enter denser environments. Although
it is possible to estimate the mass loss given a model for
halo structure (e.g. Klypin et al. 1999, see §5.1 in paper
II), it is not clear how the light in the galaxies will be af-
fected. Under the assumption that the majority of these
galaxies are not destroyed by tidal forces, we expect that
clusters grow in their galaxy content by mainly merging
with other groups/clusters, and the number of these galax-
ies outnumbers the ex-BCGs. We show in paper II (§4.2)
that for non-BCG galaxies in clusters, light from galaxies
roughly traces galaxy number (see also Rines et al. 2004).
It thus appears that the increase in galaxy number due to
merging with other clusters, groups and galaxies infalling
from the field can account for the decreasing BCG light
fraction.
It remains to be seen if the merger processes are short
enough that the brightest galaxies can actually merge.
This process is considered by Tremaine (1990). Consider
a merger between two clusters, where both have a giant
galaxy at the center. It is possible that the two giants will
end up orbiting each other, and eventually merge in a time
scale of about 1/5 of the Hubble time (Tremaine 1990).
The “dumbbell” galaxies observed in some clusters, usu-
ally composed of two D or cD galaxies, may be in the pro-
cess of merging (e.g. Quintana et al. 1996). Although the
merger time scale may be short enough, definitive state-
ments require more sophisticated numerical experiments.
3.3. Second and Third Ranked Galaxies
If clusters form hierarchically, the galaxies on the bright
end of the LF may be themselves BCGs in progenitors that
merge to form the current cluster. In the picture outlined
in the previous section where the BCGs most likely grow
in luminosity by merging with other bright galaxies, we
can examine properties (e.g. luminosity, kinematics, etc)
of the second or third ranked galaxies (G2 & G3), in hopes
that they may provide some constraints on the scenario.
Using redshift information from the NED, we have se-
cure membership assignments for 78 clusters down to G3
(82 clusters have confirmed G2). We treat these galax-
ies the same way as we do the BCGs (photometry, k-
correction, etc). The luminosity (LG2, LG3) and the
luminosity fraction (LG2/L200, LG3/L200) are shown in
Fig 7. We see that these galaxies show trends similar
to the BCGs: the luminosity for both G2 and G3, al-
though increasing mildly with cluster mass, becomes less
important compared to total light in all galaxies in more
massive systems. It is interesting to see that on average
the G2s in massive clusters (M200 ≥ 5 × 10
14M⊙) are
about as luminous as the BCGs in lower mass clusters
(M200 < 10
14M⊙). In the lowest mass groups in our sam-
ple, the sum of the luminosities from the brightest three
galaxies accounts for nearly the total light, while their sum
is about 10% of total light in the most massive clusters.
The similar correlations between the galaxy luminosity
and the cluster bulk properties (mass and luminosity) sug-
gest these brightest galaxies may share a similar formation
history.
Fig. 7.— Correlations between the luminosity of the second (G2,
solid points) and the third (G3, hollow triangles) ranked galax-
ies and cluster properties. Upper panel: Both G2 & G3 become
more luminous as cluster mass increases. Lower panel: G2 &
G3 luminosity-to-total luminosity fraction. On average the second
ranked galaxies are 0.24 mag brighter than the third ranked galaxies
(based on 78 clusters where information is available) and 0.66 mag
fainter than the BCGs.
The average magnitude difference between the BCGs
and G2s is 0.66 mag, with a dispersion of 0.48 mag; the
same quantities for the BCGs and the G3s are 0.89 mag
& 0.45 mag, respectively. The average magnitude differ-
ence between G2 and G3 is 0.24 mag, with a dispersion of
0.22 mag. We also note there is no trend between the lu-
minosity difference and the cluster mass. Our results can
be compared to that of Schneider et al. (1983b); the dif-
ference between the mean absolute magnitudes of BCGs
and G2s is 0.83 mag (in r band), and that between the
BCGs and G3s is 1.32 mag. Notice that their photometry
10 Lin & Mohr
is measured within a fixed metric radius of 13.7h−170 kpc.
We also examine the projected distribution of the G2s
with respect to the BCGs, as a function of cluster mass.
We find no apparent evidence that suggests the G2s in
more massive clusters lie closer to the BCGs. As for
the velocity differences between the two brightest galax-
ies, a Kolmogorov-Smirnov test indicates a weak possi-
bility that the velocity differences (scaled by the cluster
mean velocity dispersion) in clusters more massive than
M200 = 2.8 × 10
14M⊙ is different from those found in
lower mass clusters (a 9% chance that the two distribu-
tions are the same). These findings do not provide strong
indications of a kinematic relationship between the BCGs
and G2s; we suggest that a larger cluster sample with a
targeted spectroscopic study would be an interesting way
to further probe for a relationship.
4. constraints on intracluster light
It has long been suggested that dynamical processes will
alter or transform properties of galaxies that orbit in clus-
ters (e.g. Gunn & Gott 1972; Merritt 1984; Moore et al.
1998; Treu et al. 2003, and references therein). Merg-
ers, galaxy harassment, tidal truncation, and ram pressure
stripping may all liberate galactic material (dark matter,
stars, gas, etc) into the intergalactic space (e.g. Malumuth
& Richstone 1984; Gnedin 2003; Napolitano et al. 2003;
Sommer-Larsen et al. 2004; Murante et al. 2004; Willman
et al. 2004). Observations have provided ample evidence
to support this inference. Intracluster stellar populations
are detected in various forms, as reviewed in §1 (see also
Arnaboldi 2003; Feldmeier et al. 2003c for more complete
account). These may well be the source of the ICL, as
well as the diffuse haloes/envelopes of the cD galaxies.
We emphasize here that no distinction between ICL and
cD envelope is made in this paper.
There must be another component in clusters that ac-
counts for the light lost from the galaxies. This com-
ponent is bound to the cluster, but may or may not be
distributed like the galaxies. We identify this component
as the ICL. In general, we expect ICL to become more
and more important in the overall light budget in massive
clusters. However, the detailed behavior would of course
depend on the complicated dynamical history of clusters,
as well as the galaxy formation efficiency across the mass
spectrum of clusters. In §4.1 we propose simple models
to estimate the ICL light fraction as a function of cluster
mass, and compare these predictions with available obser-
vational constraints.
In addition to confirming this dynamical view of galaxy–
cluster interactions, studies of the ICL may provide a more
accurate determination of the cluster baryon fraction and
cold fraction (defined as the ratio between stellar mass and
total baryon mass in clusters), which in turn should help
clarify the star formation efficiency in clusters (§4.2). Fi-
nally, the ICL may serve as an important source of the
enrichment of the intracluster medium (ICM). The ICM
is known for its high metal abundance (∼ 0.3Z⊙ for iron,
De Grandi et al. 2004 and references therein). Apparently
the metal comes from stars, i.e. via supernova explosions.
The large amount of metal present in the ICM can not
be accounted for with standard chemical yields or metal
transport mechanisms such as galactic winds (e.g. Porti-
nari et al. 2004); confined by the potential wells of indi-
vidual galaxies, the efficiency of the enrichment processes
is not high. On the contrary, supernovae orbiting in the
intracluster space surrounded by the ICM or supernovae
in low mass, pregalactic structures, may be much more ef-
ficient agents of enrichment. In §4.3 we use the predicted
amount of ICL to reevaluate the enrichment problem in
the ICM (see also Zaritsky et al. 2004).
4.1. Estimating the Intracluster Light
Fig. 8.— Estimated ICL fraction. The solid curve corresponds to
the prediction of Eqn 2, with ∼ 1% of light in ICL in lowest mass
groups (M = 3×1013M⊙). The two dashed lines are the predictions
from a merger tree model (Eqn 3), with two models for redshift evo-
lution of the light–mass relation (long-dashed: no-evolution, γ = 0;
short-dashed: γ = 1, evolution consistent with numerical simula-
tions).
We decompose the total light in a cluster into three com-
ponents:
Ltot = Lb + Lg + Li,
where the terms on the right hand side denote the light
of the BCG, the other galaxies, and the ICL, respectively.
In general, we expect all these components to be functions
of cluster mass. Next suppose there is a system (of mass
Mℓ) that serves as a building block of systems more mas-
sive than Mℓ. We denote
Ltot,ℓ = Lb,ℓ + Lg,ℓ + Li,ℓ
for this system. If clusters grow in mass and luminosity
mainly by mergers between such systems (i.e. accretion
of field galaxy populations is not important), then we can
write Ltot(M) = (M/Mℓ)Ltot,ℓ; in this case the ICL light
for a system of mass M is simply
Li(M) =
(
M
Mℓ
)
Ltot,ℓ − Lb(M)− Lg(M). (2)
If we set the mass scaleMℓ to be that of the least massive
group in our sample (∼ 3 × 1013M⊙), using our observed
behavior for Lb(M) and Lg(M), we would then be able to
predict the amount of ICL as a function of cluster mass,
with the value for ICL in groups of mass Mℓ, Li,ℓ, being
a free parameter. This approach is effectively saying that
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Table 2
Some Observational Constraints on the ICL Fraction
Name Virial Mass Band Depth Extent fi,2D Reference
(1014M⊙) /Method (mag/arcsec
2)
A2390 14.9 r 26.7 204 kpc (0.09 r200) 0.02± 0.06
† 1
A2029 11.2 R 26.0 360− 640 kpc (0.18− 0.32 r200) 0.1 2
A1656 9.7 R 27.7 8′ (0.12 r200) 0.5 3
A1689 9.6 R 28.2 143 kpc (0.07 r200) 0.3 4
A1914 9.4 V 26.0 1.6 Mpc (0.84 r200) 0.28 5
A1413 6.4 V 26.5 180 kpc (0.10 r200) 0.13 6
A1651 6.2 I 29.5 714 kpc (0.42 r200) 0.38
♯ 7
Cl0024+1652 3.4 V N/A 153 kpc (0.12 r200) 0.15± 0.03 8
A2670 2.7 R 29.0 3.5′ (0.23 r200) 0.3 9
Virgo 1.5 ICPNe‡ 27.4 0.196 deg2 0.10† 10,11
ICPNe‡ 27.0 0.89 deg2 0.16± 0.03† 12
I/ICRGB§ 27.9 4.73 arcmin2 0.1− 0.2† 11
HCG90 0.19 V 24.5 64 arcmin2 0.45± 0.05 12
M81 group 0.012♭ ICPNe‡ N/A 1.44 deg2 0.013† 13
Leo I group N/A ICPNe‡ 24.7 0.26 deg2 < 0.016† 14
Note. — h70 = 1 is assumed in calculating the mass M200 and size. References: (1) Vilchez-Gomez et al. (1994); (2) Uson et al. (1991); (3)
Bernstein et al. (1995); (4) Tyson & Fischer (1995); (5) Feldmeier et al. (2004b); (6) Feldmeier et al. (2002); (7) Gonzalez et al. (2000); (8)
Tyson et al. (1998); (9) Scheick & Kuhn (1994); (10) Okamura et al. (2002) (11) Arnaboldi et al. (2003) (12) Feldmeier et al. (2004a); (13)
Durrell et al. (2002); (14) White et al. (2003); (15) Feldmeier et al. (2003b); (16) Castro-Rodr´ıguez et al. (2003). †: excluding BCG envelope.
♯: including BCG light. ‡: derived from intracluster planetary nebula (ICPN) abundance. §: derived from intracluster RGB star (ICRGB)
abundance. ♭: Karachentsev et al. (2002).
the lower galaxy luminosity per unit cluster mass in mas-
sive clusters (recall that the slope of the L–M relation is
less than unity) is simply because stars have been stripped
off galaxies during the hierarchical merging that produced
the high mass clusters from the low mass clusters.
In Fig 8 we show the predicted ICL light fraction
fi ≡ Li/Ltot of this toy model (solid line), assuming that
q ≡ Li,ℓ/(Lb,ℓ + Lg,ℓ) = 0.01, that is, an ICL that is 1%
of total light in galaxies for groups of mass Mℓ. The pre-
dicted ICL fraction is high. For clusters more massive than
1014M⊙, fi > 0.3; at 10
15M⊙, about 2/3 of total light is
in the intracluster space! This estimate does not change
much if we choose different values for q; for q = 0.05 or
q = 0.10 the ICL fraction is similar to the curve of q = 0.01
for systems more massive than 1014M⊙.
Effectively, Eqn 2 assumes that the stellar mass fraction
is constant in clusters of different mass, which may not be
the case. Furthermore, the toy model neglects the accre-
tion of isolated galaxies, which may be important (§3.2.2).
We therefore consider a second model which utilizes the
merger tree algorithm used in §3.2.2. The basic idea is to
estimate the total light content of a cluster by counting
luminosities contained in all the galactic systems that fall
into the cluster, and compare it with the observed light
in cluster galaxies. The difference would then be the ICL.
To this end, we need a light–mass relation for galactic sys-
tems ranging from single galaxies to clusters. For systems
more massive than 1013M⊙, we employ the observed L–M
relation (§4.1 in paper II); for less massive systems, which
we assume to be single galaxies, we estimate their L–M re-
lation by matching the number densities indicated by the
observed K-band galaxy luminosity function (Kochanek
et al. 2001) and that predicted by the theoretical halo
mass function (modulated by the halo occupation num-
ber; Kravtsov et al. 2004).
By summing over the light of each galactic system that
has merged directly onto the main trunk of the tree (the
MMP), we can estimate the total light as a function of the
cluster mass. To be more specific, for a present-day cluster
of mass M0, we calculate
Ltot(M0) =
∑
Lh(Mh) (1 + zh)
γ , (3)
where Mh, Lh and zh correspond to the mass, the lumi-
nosity of the merged haloes, and the epoch of the merger,
respectively. The redshift dependence is included to ac-
count for any evolution in the L–M relation or halo oc-
cupation number (Kravtsov et al. 2004, §5.3 in paper II).
We consider two possibilities: γ = 0 & γ = 1. The for-
mer is the no-evolution case, while the latter is consistent
with the halo occupation number evolution as suggested
by numerical simulations (Kravtsov et al. 2004).
The predictions of this second model are shown in Fig 8
(averaged over 100 merger tree realizations): The long-
dashed line refers to the γ = 0 case, while the short-dashed
line shows the γ = 1 results. Interestingly the model re-
sults for the two values of γ enclose the predictions of the
first model. We note that the second model does not ac-
count for any ICL contained in the galactic systems that
merge with the main halo; the predictions thus are lower
limits on the ICL light fraction.
To compare these predictions with estimates derived
from direct observations, we compile in Table 2 several
published values. The columns give the name of the clus-
ter, the virial mass estimated from published X–ray mea-
surements, the band used, the physical or angular extent of
the observation, the measured ICL fraction, and the origi-
nal reference. Some remarks may help the reader. First of
all, these studies use different bands, have different depth,
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and survey different fractions of the clusters. We caution
that the ICL fraction may depend on the waveband used
(Vilchez-Gomez et al. 1994). Our estimate is given in K-
band for galaxies brighter than MK = −21 mag (recall
that we integrate the LF to Mmin = −21 mag, §2.1). For
the nearby clusters or groups, it is possible to estimate the
ICL fraction from tracers such as intracluster planetary
nebulae (ICPNe) or RGB stars. However, these techniques
look for patches in the cluster/group fields and we only list
the total area of the observations, but not the fraction of
the virial radius surveyed. Finally, strictly speaking, the
ICL fraction listed in the Table is the projected value,
while the prediction of our model is that contained in the
3D cluster region. To compare the values a model for the
radial distribution of ICL is needed.
In addition to these observations, a recent study stack-
ing a large number of clusters suggests the ICL contributes
about 15− 20% of cluster optical light within 500 kpc (Zi-
betti & White 2004). A recent measurement of BCG+ICL
profile for a sample of 24 clusters is presented in Gonzalez
et al. (2004).
Finally, we compare these simple models with the find-
ings from numerical studies. The modeling by Napolitano
et al. (2003) uses an N -body simulation of a Virgo-like
cluster formed in a hierarchical fashion to study the dis-
tribution and correlation properties of tracers of ICL. They
estimate that outside the central region, the ICL fraction
may be 30 − 50%. A big step forward toward theoretical
modeling of the ICL is realized in the recent cosmological
hydrodynamic simulations (Murante et al. 2004; Sommer-
Larsen et al. 2004; Willman et al. 2004). In particular, the
former study finds that the ICL fraction increases with
cluster mass, in broad agreement with our results. At
M200 = 10
14M⊙ their model predicts fi ≈ 0.25, while at
M200 = 7 × 10
14M⊙ the ICL fraction is about 0.45; al-
though it is encouraging that both these values are very
close to the predictions of our second model with γ = 0,
a comparison between our local clusters and clusters at
higher redshifts suggests a nonnegligible evolution in the
halo occupation number (see §5.3 of paper II). Further in-
vestigations on the halo occupation number evolution, as
well as higher resolution numerical studies, are needed to
resolve this discrepancy.
The two models presented here, as well as other numer-
ical studies, suggest that the ICL can be very important
in the overall cluster light budget; we discuss some of the
implications next.
4.2. ICL Contribution to Cluster Baryon Fraction
An immediate implication of these estimates is that the
baryon fraction and cold fraction derived from galactic
light need revision. Because of the relatively small con-
tribution of stars in galaxies to the baryon budget (§4.1
in paper I), a roughly 100% increase in stellar mass would
not change the baryon fraction or the derived ΩM con-
straints much. Within our sample of 93 clusters, we have
measured ICM gas mass for 35 (which we denote as the
MME subsample, Mohr et al. 1999). Based on these clus-
ters, the mean baryon fraction is 0.1441, while for “hot”
clusters (which we choose to have kTX ≥ 3.7 keV, see
§3 in paper I), the mean is 0.1512. Using the value for
baryon density from WMAP (Bennett et al. 2003), these
correspond to ΩM = 0.32 & 0.30, respectively. Now, from
Fig 8 we can roughly estimate that the total light (includ-
ing the ICL) would be ∼ 2(Lb + Lg). This assumption
leads to ΩM = 0.29 & 0.28, for the MME subsample and
the hot clusters within it, respectively. Both these val-
ues are in good agreement with the WMAP estimate of
ΩM = 0.27± 0.04.
The presence of ICL has a more significant effect on
the cold fraction; for the MME subsample and the hot
clusters within it, the mean values are 0.150 & 0.163, re-
spectively. Compared to the mean values when no ICL is
present (c.f. §4.2 in paper I), these correspond to a 40% in-
crease. Interestingly, a recent cosmological hydrodynami-
cal simulation (Borgani et al. 2004) finds that roughly 20%
of baryons are cold for clusters hotter than 3 keV (roughly
M200 ∼ 2×10
14M⊙). The current implementation of feed-
back/heating mechanisms may not be far from producing
the cold fraction in real clusters.
4.3. Enrichment of Intracluster Medium
It is well established that the ICM contains an enormous
amount of metal (e.g. Arnaud et al. 1992; Loewenstein &
Mushotzky 1996; Finoguenov et al. 2000; De Grandi &
Molendi 2001; Baumgartner et al. 2003). Within standard
models for star formation in galaxies and the processes
that transport metal to the intracluster space, a standard
stellar initial mass function (IMF) with typical supernova
yields can not account for the metal production (e.g. Porti-
nari et al. 2004, hereafter P04). Non-standard scenarios
such as a time-varying IMF, IMFs that differ in different
environments, or different enrichment agents (e.g. hyper-
novae from population III stars) have been proposed as al-
ternatives (e.g. Finoguenov et al. 2003; Loewenstein 2001,
P04).
Here we investigate to what degree the ICL can help
account for the extraordinary metal production in clus-
ters. We will focus on the iron abundance. Following the
same procedures outlined in §4.3 in paper I (with the latest
ICM iron abundance from a sample of 22 clusters observed
with BeppoSAX, ZICM,Fe = 0.34Z⊙,Fe,
5 De Grandi et al.
2004, hereafter DG04), we estimate the iron yield (Arnaud
et al. 1992) yFe = (MFe,ICM +MFe,star)/Mstar and the
iron mass fraction (the iron-to-total mass ratio) for the
MME subsample. Two important quantities involved in
the calculations of iron mass in stars are the mean stel-
lar mass-to-light ratio and the metallicity. We use the ob-
served typical stellar mass-to-light ratio and metallicity for
early and late type galaxies, weighted by the relative abun-
dance of the two types in clusters as a function of cluster
mass, to account for possible variations of these quantities
with respect to cluster mass (see Appendix of paper I for
more details). In Fig 9 (upper panel) we show the iron
yields obtained without ICL (shown as hollow points). As
we find in paper I, the iron yield is very high (3− 9Z⊙,Fe)
compared to the solar vicinity (0.9− 0.95Z⊙,Fe, P04) and
is an increasing function of cluster mass, while the iron
mass fraction is roughly constant with respect to cluster
mass.
The inclusion of the ICL reduces the iron yield. With
the amount of ICL predicted by our first model (Eqn 2, c.f.
5 this is the value based on the revised solar photospheric abundance (Grevesse & Sauval 1999), which implies iron mass fractionX⊙,Fe = 0.0012.
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Fig 8), the corresponding iron yield falls to about 3Z⊙,Fe
(solid points in the upper panel). We note, however, in
this case the iron mass fraction (total iron mass over total
binding mass; not shown in this figure) becomes a weakly
increasing function of cluster mass.
Fig. 9.— Upper panel: the iron yields in the MME subsample.
The hollow points show the results derived without any ICL, while
the solid symbols are the yields when an ICL given by Eqn 2 is
included. The ICL reduces the yields and makes them roughly con-
stant for clusters of all masses. Lower panel: the ratio between the
total light required to produce the observed iron (in stars and ICM)
and the total observed cluster light. The solid hexagons and trian-
gles show the cases for Salpeter & Kroupa IMFs, respectively, and
in these cases the ICL contribution to the total light is included.
The hollow points show the Salpeter case with no ICL included.
Note that in the Salpeter IMF model, there is enough stellar light
(when ICL is included) to explain the enormous iron reservoir. The
stellar symbols show the ratio of the luminosity required to produce
the “iron excess” in cool core clusters compared to ICL+BCG lu-
minosity. In most cases the ICL is crucial in producing the excess
iron component. Note the ordinate is M500 ≈ 0.72M200, the mass
enclosed by the radius r500 (see §2.1).
To further quantify the possible role of ICL in the ICM
enrichment, we compare the predicted iron mass-to-total
light (ICL and galaxies) ratio (IMLR, Renzini et al. 1993)
with the single stellar population (SSP) models of P04.
Specifically, given an initial mass function, a SSP model
predicts the evolution of stellar mass and luminosity, as
well as its iron production. One can thus compute the
IMLR at any epoch. For a stellar population of 10 Gyr old,
we calculate the total light required for a cluster IMLR
to be consistent with the SSP prediction. We show the
ratio between the required luminosity (Lexp) and our ob-
served luminosity (Ltot ≡ Lb+Lg+Li) for each cluster in
Fig 9 (upper panel), with ICL given by Eqn 2. The solid
hexagons and triangles show the cases for the Salpeter
(1955) and the Kroupa (2002) IMF, respectively. We note
that the latter IMF describes the solar neighborhood bet-
ter than the former (P04). For comparison, we also show
the case for the Salpeter IMF when no ICL is included
(hollow symbols).
From this figure we draw the following conclusions: (1)
for the Salpeter case, the observed light plus the ICL is
slightly lower than that required to produce the observed
iron (the mean is Lexp/Ltot = 1.17 ± 0.04; no theoreti-
cal uncertainty is included), but there is a severe shortage
of stars and luminosity when a Kroupa IMF is used to
produce the observed iron (the mean is 2.66 ± 0.08); (2)
when no ICL is present, even with the Salpeter IMF, the
required total light is about 2.7 times the observed light
from all galaxies, and with the Kroupa IMF, the situation
worsens to a factor of 6 more light required; (3) the iron
production efficiency becomes more uniform across differ-
ent mass scales when the ICL is included, as can be in-
ferred from the shallow slope (0.14±0.05 for both IMFs) of
the Lexp/Ltot–mass correlations, as well as the iron yields.
Without the ICL, the steep slope of the Lexp/Ltot–mass
correlation (0.38±0.07, hollow points) shows an increasing
need for an extra light component (or more efficient iron
production) in more massive clusters.
ICL may also help with the “iron excess” found in clus-
ters with cool cores. The radial distribution of the iron
abundance is distinctly separated into two forms: (a) a
nearly flat distribution for the clusters without a cool core
(NCC– non-cool core clusters), and (b) a centrally peaked
profile for the cool core (CC) clusters. The amount of
iron from the central part of CC clusters above the uni-
formly distributed iron floor (seen also in NCC clusters)
is called the iron excess. Using a sample of 12 CC clus-
ters, DG04 examine the relation between the BCGs and
the iron excess in the clusters. Using standard stellar pop-
ulation synthesis models, they find the extra amount of
iron is comparable to the iron in supernova ejecta from
the BCGs.
Here we evaluate the role of ICL (and BCG) in this pro-
cess in a very simple way; given the excess iron mass in a
cluster, we calculate the expected amount of light in the
core, if the IMLR for the excess iron is to be consistent
with a SSP model. We have the BCG luminosity for 10 of
12 CC clusters in the DG04 sample (excluding A2142), and
we again use Eqn 2 to estimate the amount of ICL within
the central 0.2r200 of the clusters (assuming the ICL is dis-
tributed similarly to the galaxies, namely an Navarro et al.
1997 profile with concentration of 3, see §3.1 in paper II).
We use the value of the iron excess provided in Table 1
of DG04. The ratio between the SSP IMLR-inferred to-
tal light (Salpeter IMF) and our ICL+BCG light is shown
as stars in the lower panel of Fig 9. It is clear that for
some clusters, the BCG alone may account for the iron
excess, but in other cases ICL helps to provide sufficient
iron. Repeating the calculations for the Kroupa IMF, we
find that on average Lexp/(Lb + Li) = 2.1 ± 0.3. Assum-
ing a more concentrated radial profile for the ICL (e.g.
the de Vaucouleurs profile found by Gonzalez et al. 2004),
we find that 0.2 ≤ Lexp/(Lb + Li) ≤ 0.9 for the Salpeter
IMF. It it clear that the ICL reservoir of stars is helpful
in explaining the iron excess in cool core clusters.
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To summarize, we find that: (1) the ICL lowers the
mean iron yield per solar mass of stars for the cluster iron
production, although the value is still high compared to
that of the solar vicinity; (2) it is possible to generate the
amount of iron observed in clusters with the yields consis-
tent with simple stellar population models, if a Salpeter
IMF is assumed and an ICL amount predicted by our
model is present; (3) the ICL makes the production effi-
ciency of iron more uniform for clusters of different masses,
which is reflected in the near-flat iron yields and the flat
Lexp/Ltot ratios, with respect to cluster mass; (4) the ICL
can help in the production of the excess iron in the cores
of CC clusters (by lowering the yields and shortening the
enrichment time, c.f. Bo¨hringer et al. 2004). The ICL
not only helps produce the metals, but also circumvents
the problem of transporting the metals out of galaxy halos
and into the ICM. However, if the IMF is consistent with
that observed in the solar vicinity, simple stellar popula-
tion models require more than twice as much more light
to explain the iron production in clusters.
We note that the above calculations only deal with the
amount of iron that can be produced, but not the relative
abundances between iron and other elements. More so-
phisticated models that also invoke an ICL component are
needed to fully investigate the ICM enrichment process.
5. discussion
5.1. Choice of Photometry
As a test of the robustness of our results, we conduct the
analysis presented in §3.1 using the 2MASS extrapolated
total magnitudes for the BCGs. We find that it makes no
difference on the Lb–M relation whether isophotal (cor-
rected by 0.2 mag) or total magnitudes are used.
In this paper we choose not to examine the BCG light
from magnitudes measured at a fixed metric radius, as
many investigators do (e.g. Schneider et al. 1983b; Brough
et al. 2002). The reason is that the sizes of BCGs are not
fixed; we find that the half-light radius of the BCGs cor-
relates with mass of the host cluster. Using the isophotal
magnitudes has the advantage of reflecting this correlation,
which may provide some insights into the BCG formation
histories.
5.2. BCG Sample Selection
Our cluster sample is basically X–ray selected, which
may bias against those loose, low mass systems whose
X–ray emission is weak. In order to assess the effects of
this possible bias on the BCG properties, we investigate
the properties of the BCGs in a large sample of optically
selected groups and clusters (the UZC-SSRS2 group cata-
log, hereafter UZC groups, Ramella et al. 2002). For each
member galaxy we search in the 2MASS extended source
catalog its K-band counterpart within 25′′ of the position
listed in the catalog. We focus on groups of five or more
members that are distinct from our sample clusters and
groups. Note that only 40− 80% of the UZC groups with
five or more members are estimated to be real physical
systems (Ramella et al. 2002). The virial mass for each
group is from Table 1 of the catalog (Ramella et al. 2002).
In Fig 10 we compare the properties of these BCGs with
those in our sample. The upper panel shows the Lb–M cor-
relation (the crosses are 291 UZC groups, the squares are
the UZC groups that have detected X–ray emission from
the ROSAT All-Sky Survey, Mahdavi et al. 2000, and the
shaded area show the distribution of BCGs in our sample).
We see that the X–ray-bright UZC groups seem to occupy
the same regions in the Lb–M space, if only somewhat
less massive, while the X–ray-faint groups exhibit large
scatter in both BCG luminosity and system mass. Possi-
ble sources for the scatter include: (1) 20 − 60% of these
systems may be chance projections (i.e. not real); (2) un-
certainties in the estimated virial mass; 65% of the systems
have only five members; we note that with only 5 (10) red-
shift measurements, the fractional 1σ uncertainty in mass
is about 95% (67%). Even in the limit that a large num-
ber of redshifts is available, the dynamically inferred mass
may still be affected by the presence of substructure or
surrounding large scale structure. A comparison between
X–ray-derived mass (MX) and velocity dispersion-inferred
mass (MV ) for 8 massive (MX,200 ≥ 5 × 10
14M⊙) clus-
ters in common between our sample and the UZC catalog
shows that the average mass difference is MV /MX = 6.5
(number of redshifts based on which dynamical masses are
derived ranges from 19 to 144; the smallest and largest
MV /MX ratios are 1.9 & 12.3, which are from 144 & 72
redshifts, respectively). Although there is a correlation
between the number of redshifts measured and the mass
difference, some outliers that strongly deviate from the
correlation exist. In our analysis we regard the X–ray
emission weighted temperature as a more reliable mass
estimator.
Under the assumption that the clusters are largely regu-
lar systems, at a given mass we expect a cluster to contain
a certain number of galaxies (e.g. from the observed N–
M relation). We therefore can select only groups whose
number of members is at least 10% of the expected galaxy
number based on our observed N(M) relation; with this
requirement, for a given BCG luminosity, clusters in our
sample represent the most massive systems (i.e. crosses
that lie on the lower right part of the shaded area will be
removed by this criterion).
Comparing the BCGs in the X–ray-bright UZC systems
(squares) with those in our sample (shaded region), we
see that there is no suggestion of flattening of the Lb–M
correlation below 1014M⊙ (c.f. §3.1). For a given cluster
mass, this comparison shows how much scatter there may
be for the luminosity of BCGs in the local universe.
The lower panel of Fig 10 shows the BCG light fraction
for a subset of the UZC groups (crosses). We only show
those systems which lie close enough so that the 2MASS
probes down to or below MK = −21. These systems seem
to form a continuation from our sample (solid points) in
their BCG light fraction. This is interesting, because the
two samples are selected very differently (optical vs X-
ray); however, we caution again that mass uncertainties
in the low mass UZC groups may be large. The crosses
surrounded by a square show the groups with ten or more
redshift measurements. The BCG light fraction in these
groups is indeed consistent with the expectations from our
sample. We infer that the galaxy formation process is
highly regular, and that the halo mass is the single most
critical parameter in determining the BCG light fraction.
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Fig. 10.— Upper panel: the BCG luminosity for the UZC systems
(the crosses) and for our sample (shaded area); those UZC systems
with detected X–ray emission are denoted by squares. (Circles: the
“fossil group” BCGs, see §5.3.) Lower panel: the BCG contribu-
tions to the total light emitted from galaxies. The crosses are the
UZC BCGs, the crosses with a square are the UZC groups with ten
or more redshift measurements, the solid points are BCGs in our
sample. We only show the UZC systems that are probed down to
at least MK = −21 by the 2MASS.
5.3. Fossil Groups
There exists a class of galactic systems with masses com-
parable to groups of galaxies, with diffuse X–ray emission
from hot gas, but where the optical light is totally domi-
nated by one single galaxy (the so-called “fossil groups”,
e.g. Jones et al. 2003 and references therein). One prop-
erty for a group to qualify as a fossil group is that the
(optical) magnitude difference between the brightest and
second ranked galaxies exceeds ∆m12 ≥ 2. This in turn
implies that the BCG luminosity fraction in these groups
is large (e.g. 70%, Jones et al. 2003, hereafter J03). Based
on an X-ray flux-limited sample, J03 suggest that the fos-
sil groups constitute 8 − 20% of all systems with compa-
rable X–ray luminosity (LX ≥ 5 × 10
41h−270 erg/sec), and
may be an important source for producing the BCGs in
more massive systems (after the groups fall into larger sys-
tems). We show in Fig 4 that in the lowest mass systems
in our sample, the BCG light fraction approaches 50%.
Our merger picture of BCG growth also implies that the
BCGs in lower mass systems serve as building blocks for
the brightest galaxies in more massive systems.
To examine whether these fossil groups are different
from our low mass groups, we identify the six fossil group
dominant galaxies listed in Jones et al. (2000, 2003) in the
2MASS extended source catalog, and estimate the group
mass from either X–ray luminosity or temperature. The
masses of these systems are estimated to lie in the range
2 − 9 × 1013M⊙ (again, we caution large uncertainties in
mass). Compared to our BCGs and those in the UZC
groups, half of the fossil group galaxies show extraordi-
nary luminosity in the sense that they are 0.3 − 0.5 mag
brighter than expected for the mass of their host groups
(Fig 10, upper panel, hollow circles). The other half ap-
pear at normal or even dimmer luminosity within the mass
range (we note, however, that no lower limit on the BCG
optical luminosity is imposed in J03’s criteria for fossil
groups). Due to the depth of 2MASS, it is not possible to
further examine the luminosity fraction of these galaxies in
K-band. However, there is one system in each of our sam-
ple and the UZC catalog that appears to be a fossil group:
AWM04 & U085. Both have ∆m12 > 2 inK and are X-ray
luminous. The BCG luminosities are 7.1 × 1011h−270 L⊙ &
7.8× 1011h−270 L⊙, and the BCG light fractions are 0.41 &
< 0.63,6 respectively. The BCGs of these two systems are
slightly more luminous than the expectation from Eqn 1,
and the BCG luminosity fractions do not show a total
dominance. Based on only few systems, it is not possible
to draw definitive conclusions. However, it is suggestive
that the fossil groups found in J03 are a natural extension
in the very low mass regime of the BCG behavior found
for the large cluster sample studied in this paper. Larger
cluster samples and deeper photometry will be needed to
better examine this possibility.
5.4. BCG Formation Scenarios
In §3.2 we discuss some possible BCG evolution scenar-
ios. Currently both observational and numerical studies
favor the theory that BCGs form rapidly from mergers of
several galaxies during an early epoch of cluster or group
collapse, followed by a rather limited subsequent growth in
luminosity (e.g. Merritt 1984; Lauer 1988; Tremaine 1990;
Dubinski 1998; Oegerle & Hill 2001). We argue, however,
that BCGs have to merge with other galaxies, most likely
the BCGs from merging groups, as they are the most ef-
ficient source of light for the BCG light growth. Support
for this picture includes the fact that (1) moderately lu-
minous (∼ L∗) galaxies that are more abundant in low
mass clusters do not contain enough light to account for
the growth in BCG luminosity, (2) there are enough very
luminous galaxies available to account for the BCG lu-
minosity growth, (3) massive galaxies can indeed merge
within relatively short timescales (Tremaine 1990) and (4)
massive galaxies are more likely to merge because of the
larger cross sections (or gravitational focusing) and shorter
dynamical friction timescales (e.g. Klypin et al. 1999).
In such a scenario, the BCG co-evolves with the clus-
ter. The tight correlation between the BCG light fraction
and cluster mass strongly supports this view. The scatter
in the BCG light on group scales may reflect the hetero-
geneous origin of these galaxies (c.f. Figs 3, 10); if they
were the outcome of mergers among several massive galax-
ies during cluster collapse, we do not expect their proper-
6 Note that the total light in U085 is estimated to MK = −22.1 only. We have ignored the criterium that ∆m12 ≥ 2 is to be applied for
galaxies within half of the virial radius (J03).
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ties to be as homogeneous as those in high mass clusters.
However, as these building blocks merge and form more
massive BCGs, the mixing makes their properties more
homogeneous.
One possible consequence of the merger is that BCGs in
more massive clusters may have different structure than
those in low mass systems. We find that the half-light ra-
dius re of the BCGs positively correlates with cluster mass.
Deep photometry, which is needed for examination of other
structural parameters, such as α ≡ d logL/d log r|rm , the
logarithmic luminosity derivative at a fixed metric radius
rm (e.g. Hoessel 1980; Postman & Lauer 1995, however,
see Collins et al. 2003), or spectroscopic studies that re-
veal the stellar kinamatics of the BCGs to large radii (e.g.
Weil & Hernquist 1996), may further test this evolution
scenario. Although we expect these mergers to be mainly
without star formation, color information may provide
valuable clues.
Our suggestion for BCG light (mass) growth comes from
the clusters in the nearby universe; by studying the BCGs
in clusters of different cosmic epoch, constraints have also
been placed on BCG growth (e.g. Aragon-Salamanca et al.
1998; Collins & Mann 1998; Burke et al. 2000; Nelson
et al. 2002). It has been suggested that BCGs in X–ray-
luminous clusters seem to evolve passively, with no or lit-
tle (stellar) mass accretion, while those in less luminous
clusters seem to exhibit strong mass accretion, or no evo-
lution in luminosity (e.g. Brough et al. 2002; Nelson et al.
2002, and references therein). We note that using a fixed
X–ray luminosity as a cluster mass division is not ideal, be-
cause at larger redshifts the same luminosity corresponds
to progressively smaller mass. Comparison of BCGs in low
X–ray luminosity clusters across a wide range in redshift
introduces a mass trend which can explain the inferred
strong BCG mass accretion with decreasing redshift. As
for X–ray luminous clusters, the resolution may lie in the
way the Lb–M correlation evolves with time.
This also leads to the issue noted in §3.2: if the BCGs
of different masses do form a continuum in their evolution,
the progenitors of BCGs in present-day high mass clusters
are not necessarily the present-day low mass cluster BCGs.
It is BCGs in low mass clusters at higher redshifts that
should be compared to the present-day high mass cluster
BCGs. We will investigate this in a future publication.
6. summary
Based on the rich dataset provided by the 2MASS, we
systematically examine various cluster properties in the
near-IR K-band for a large sample of 93 clusters and
groups (papers I & II). Paper I develops the basic tech-
nique. We study the correlation between total galaxy light
and cluster binding mass, and the halo occupation distri-
bution in paper II. Here we focus on the extraordinary
properties of the brightest cluster galaxies, and their im-
plications for the total cluster light budget and for cluster
evolution. The main findings of this paper are summarized
as follows:
1. The BCG projected position coincides with the peak
in X–ray emission, in agreement with previous findings. In
∼ 80% of the cases, the BCG location can serve as cluster
center to within 10% of the virial radius.
2. The K-band BCG luminosity shows clear correlation
with cluster mass; Lb ∝ M
0.26±0.04 for all clusters in our
sample. Combined with a large optically-selected group
sample (from the UZC-SSRS2 catalog), we find that the
correlation between the BCG luminosity and the cluster
mass extends to even lower mass scales.
3. We argue that BCGs likely grow in luminosity via
mergers with other luminous galaxies, most likely BCGs
from subclusters that have fallen into the cluster. A com-
parison between the luminosity functions in high and low
mass clusters shows a lower density of luminous galaxies
(∼ L∗) in more massive clusters. The luminosity from
these missing galaxies could not make up the differences
between the BCG luminosity in high and low mass clus-
ters. On the other hand, based on the luminosity distri-
bution of clusters at different masses, there appear to be
enough very luminous galaxies (> L∗) in intermediate or
low mass clusters to supply the luminosity needed for the
BCG growth with increasing cluster mass.
4. The BCG-to-total galaxy light ratio is a decreasing
function of cluster mass; at group scales BCG light con-
stitutes roughly half of the total light in galaxies, while in
the most massive systems in our sample they only account
for 5 − 10% of the light in galaxies. The decreasing im-
portance of BCGs in the overall cluster light budget can
be explained if the luminosity growth rates of BCGs (by
merging with other luminous galaxies) are slower than the
luminosity growth rates of clusters (by accreting isolated
galaxies or from smaller clusters that have merged).
5. Second- and third-ranked galaxies show clear trends
of increasing galaxy luminosity, but decreasing galaxy-to-
cluster light fraction, as a function of cluster mass, as do
the BCGs. These similarities suggest that the brightest
galaxies share a similar formation and evolution history.
At group scales the few brightest galaxies make up almost
all the light, while at the other mass extreme the brightest
three galaxies only account for 10% of the massive cluster
light.
6. We estimate the amount of diffuse light that is present
in the intracluster space (which includes any envelope sur-
rounding the BCG) as a function of cluster mass. Two
simple models are considered; the first one makes use of the
observed total galaxy light–cluster mass relation, as well
as the BCG light–cluster mass correlation. The second
model takes into account the assembly history of clusters,
and uses the observed L–M relation. Both models sug-
gest that the amount of ICL increases with cluster mass;
for clusters more massive than 1014M⊙ the ICL light frac-
tion ranges from 30% to 60%. The model predictions are
in reasonable agreement with both direct observations and
numerical simulations.
7. The cluster baryon fraction, including the ICL
(roughly a 100% increase in cluster stellar mass), is in good
agreement with the WMAP result (Bennett et al. 2003).
The ICL component reduces the discrepancy between the
observed value of the cold baryon fraction (∼ 16%) and
that found in numerical simulations.
8. The ICL reduces the cluster iron yields by ∼ 40%, to
a value of 3 times solar, still high compared to the solar
vicinity. However, with the ICL included, the observations
indicate a uniform iron production efficiency for clusters
of different masses. Within a simple stellar population
model described by a Salpeter IMF, the observed starlight
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in galaxies and that implied for the ICL is high enough
to explain the high iron abundance in clusters. The ICL
also helps in accounting for the production of the observed
“iron excess” found in the cool-core clusters.
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